Our study adds new dimensions to the repertoire of functions that Y-heterochromatin has with respect to autosomal gene regulation in male fertility. We describe a novel sex and species-specific ncRNA, Pirmy, transcribed from mouse Y-chromosome, with unprecedented alternative splicing. Mice with deletions of Y-long arm (Yq) were reported to exhibit differential sterility and sperm abnormalities. We identify sperm proteins that are deregulated in Yq-deleted mice; corresponding genes map to autosomes and display sequence homology to piRNAs derived from Pirmy in their UTRs. Thus, piRNAs from species-specific repeats appear to regulate autosomal genes involved in reproduction. The male sterility phenotypes of Yq-deleted mice and crossspecies hybrids are comparable, indicating a larger role for species-specific repeats from Y-chromosome in speciation and evolution.
INTRODUCTION
Y chromosome has come a long way from a single gene male determining chromosome to one that houses a few protein-coding genes besides sequences crucial for spermatogenesis and fertility (1-7). Earlier studies have shown that genes involved in sex determination and spermatogenesis are present on the short arm. Several lines of evidence indicate that the male-specific region on the long arm of the Y chromosome (MSYq) in mouse is replete with highly repetitive mouse-specific sequences that are expressed in spermatids (8) (9) (10) (11) . Previously published data have described two different strains of mice with partial deletions of the long arm of the Y chromosome (Yq) (9, 12) . Mice from both the genetic backgrounds exhibit male sterile phenotypes such as subfertility, sex ratio skewed towards females, reduced number of motile sperms, aberrant sperm motility and sperm head morphological abnormalities (9) . Mice with partial deletions of Yq show sperm abnormalities with less severe phenotype whereas mice with total deletion of the Yq have extensive sperm morphological aberrations and are sterile (13) . This suggested the presence of multicopy spermiogenesis gene(s) on mouse Yq (9, 14) .
Subsequently multicopy transcripts such as Y353/B, spermiogenesis-specific transcript on the Y (Ssty) and Sycp3-like, Y-linked (Sly) from the mouse Yq were projected as putative candidate genes for male sterility and spermiogenesis in mice (9, 13, 15) . As mice with partial deletions of Yq (XY RIII qdel, 2/3 rd interstitial deletion of Yq) show reduced expression of Ssty and impaired fertility, this gene (present on Yq) was implicated in spermatogenesis (13) . The next major gene to be discovered on mouse Yq was the multicopy Sly. As SLY interacts with a histone acetyl transferase and an acrosomal protein, the authors suggested that Sly could control transcription and acrosome functions (16) . Further, Coccquet and colleagues observed major problems in sperm differentiation when they disrupted functions of the Sly gene by transgenic delivery of siRNA to the gene. Therefore, Sly was conjectured as a putative candidate gene for spermiogenesis (16) .
Vast majority of the genes required for spermatogenesis and spermiogenesis are non-Y-linked (17) (18) (19) . There is one report of interaction of an autosomal gene with a human Y chromosome lncRNA from our lab (3) . We hypothesized more interactions of the kind wherein there would exist a complex interplay between protein coding genes and noncoding RNAs from the Y chromosome. Altogether, we conjectured structural or regulatory elements in the biology of spermatogenesis from the Yq region, that are yet to be discovered.
Previous studies in the lab identified 300-400 copies of the M34 clone (DQ907163.1) on mouse Yq using slot blot, sequencing and bioinformatics analyses (20, 21) . This region is deleted in the XY RIII qdel mice with sperm abnormalities. However, the function of these sequences remains undefined. As sperm development is a polygenic phenomenon we reasoned that these repeat sequences could have important functional role(s) in the multistep developmental process of sperm production. The XY RIII qdel mice showed a decrease in expression of M34 in testis compared to the XY RIII mice. In order to understand putative functions of this sequence, first of all we identified a transcript corresponding to M34 from mouse testis. Subsequent experiments identified multiple splice variants of this transcript. Parallel experiments identified deregulated proteins in the sperm proteome of the XY RIII qdel mice.
Interestingly, genes corresponding to all these proteins localized to different autosomes. Further, we showed that the UTRs of these genes bear homology to piRNAs derived from Pirmy. Thus, our results demonstrate for the first time (i) novel noncoding RNA (Pirmy) that is present in multiple copies on mouse Y long arm and is expressed from the embryonic stages of testicular development (ii) extensive alternative splicing of Pirmy, and the generation of piRNAs from it in mouse testis and (iii) their role in regulation of autosomal genes involved in male fertility and reproduction.
RESULTS

M34 is transcribed in mouse testis
To address the precise function of the M34 transcript we confirmed the localization of the sex and species specific repeat M34 on mouse Y long arm again by fluorescence in situ hybridization (FISH -(3)) ( Fig. 1A ). BLAST analysis of M34 sequence against mouse whole genome (NCBI Build 38.1) also showed maximum similarity to Y chromosome (>97% identity) with few hits on the X (Fig. 1B) . M34 was then analyzed for expression in adult mouse testis. FISH using M34 as a probe revealed abundant expression in testis (Fig. 1C ). Pretreatment with RNase abolished these signals confirming the presence of RNA ( Fig. 1D ). Expression profiling by FISH in testes showed the presence of M34 transcripts in 18-day embryos, newborns and 1-month old (30 days postpartum) (Fig. S1) suggesting expression of this repeat in mouse testis from early developmental stages. (I) Shows the consensus splice signal sequences at all intron-exon junctions. Since DQ907162 localizes to the complementary strand, the splice site consensus is seen as CT/AC instead AG/GT (see also Data Sheet).
Isolation of novel polyadenylated noncoding repeat transcript from mouse Y chromosome
Sequence analysis of the M34 clone using Tandem Repeats Finder (TRF) and
RepeatMasker identified different simple sequence repeats and partial mid-repetitive sequences like LINEs, SINEs and LTR elements which constitute ~35% of the total M34 sequence ( Fig. 1E ). A number of gene prediction programs like GENSCAN, GrailEXP, MZEF, and GeneMark did not predict any genes within M34 with consistency. BLAST analysis of M34 sequence against the EST database of NCBI (NCBI build 36.1) identified 5 ESTs at the 3' end of M34 sequence (Fig. 1E ). Expression of these ESTs was observed in embryos from at least 13.5d onwards (data not shown). Two of these ESTs showed male-specific expression by Reverse transcription PCR (RT-PCR) analysis.
In order to identify a cDNA corresponding to M34 in testis, one of the male specific ESTs (CA533654) was used to screen a mouse testis cDNA library. A 1395 nt long polyadenylated Y-specific cDNA was isolated and this was named Pirmy -piRNA from mouse Y chromosome (NCBI Accession number DQ907162.1). FISH on to mouse metaphase spreads showed that Pirmy is present only on the Y chromosome in multiple copies ( Fig. 1F ) similar to that of the genomic clone M34. BLAST of Pirmy against nr nucleotide database of NCBI picked up only mouse sequences with statistically significant alignments (e-value <4e 04 ). This suggests that Pirmy is specific to mouse. BLAST analysis using Pirmy against the mouse genome plus transcriptome database showed homology to Sly transcript in exons 1-5. The exons 2-5 were identical in Pirmy and Sly (Fig. 1G ). The entire sequence of Pirmy localizes to the BAC clone AC213374 from the Y chromosome ( Fig. 1H ). Computational translation using different programs like ExPASy-Translate and NCBI ORF Finder did not predict ORFs of significant length in any of the reading frames of Pirmy reiterating that Pirmy is a novel mouse Y specific noncoding RNA. The exon-intron junctions of Pirmy are shown in Figure 1I .
Splice variants of Pirmy in mouse testis
Pirmy was analyzed further by RT-PCR. Two rounds of amplification using primers to the two ends of Pirmy yielded multiple products in testis and brain ( Fig. 2B ). Cloning and sequencing of the PCR products from testis identified 107 splice variants of Pirmy (Figs. 2A, 3A), (NCBI accession numbers FJ541075-FJ541181) besides the one obtained by screening testis-cDNA library. Sanger sequencing of more than 1000 clones yielded the 107 splice variants. BLAST analysis of these transcripts against the NCBI genome database showed that they are present in multiple copies on the mouse Y chromosome. There were 17 exons in the splice variants of Pirmy when exons were arranged in the order of occurrence at the corresponding genomic loci in NCBI build 38.1. These splice-variants clustered into two groups based on two sets of mutually exclusive exons. In Group 1 exons 11-16 were absent whereas in Group II exons 7-10 were absent ( Fig. S2 ).
In silico analysis of the splice variants against NCBI build 38.1 confirmed that they localized to two different contigs, NT_166343 and NT_187045. Of the 108 splice variants 80 matched the contig NT_166343 at NCBI ( 
Splice variants of Pirmy in mouse brain
RT-PCR amplification ( Fig. 2B ), cloning and sequencing of Pirmy products from mouse brain yielded 12 splice variants. Comparison of the exons of the splice variants from the brain and testis showed that the same isoforms were present in both ( Fig. 4 ). All the splice variants from brain localized to the genomic contig NT_166343, to which the 80 splice variants from testis also mapped. Highlighted in red are the splice variants that are transcribed from male brain, which were also found in testis. The representation of e1, e2 etc. and the nucleotide positions is same as in Figure 2A .
Expression of M34 in Y-deleted (XY RIII qdel) mice
Metaphase spreads from the XY RIII qdel mice showed a reduction in copy number of M34 on the Y chromosome showing that it localizes to the deleted region of the Y chromosome in the above mice ( Fig. S5B ). Therefore, expression of M34 was then checked in testis and sperms of XY RIII and XY RIII qdel mice by FISH. Dramatic reduction in fluorescence intensity was observed in testis and sperm of XY RIII qdel mice. However, sperms from epididymis of both XY RIII and XY RIII qdel mice showed faint fluorescence intensity ( Fig. S5B ). The subclones of M34 ( Fig. S5A ) when used as probes on testis sections showed reduction in fluorescence intensity in XY RIII qdel mice ( Fig. S5C ).
Many proteins coded by autosomal genes are deregulated in XY RIII qdel sperm proteome
We then analyzed the motility profile of sperms from XY RIII and XY RIII qdel mice and identified a stark difference in motility patterns (Movies S1, S2). Spermatozoa from XY RIII mice show linear progressive motion whereas sperms from XY RIII qdel mice show rapid flagellar movement with non-linear and non-progressive motion. Most of the spermatozoa from XY RIII qdel mice stall at the same position with no linear displacement. Studies from Burgoyne's lab reported morphological abnormalities in sperms from XY RIII qdel mice (9) . In order to understand the connection between the Y-deletion and sperm abnormalities, we performed comparative sperm proteome analysis between normal mice and Y-long arm deletion mutant XY RIII qdel mice by 2D-PAGE and mass spectrometry using protocols standardized in the laboratory (22) . This analysis identified 8 protein spots that were differentially expressed in the pI ranges of 4-7 and 5-8 ( Fig. 5A) . Surprisingly four of these i.e. calreticulin (D1), Cu/Zn superoxide dismutase (SOD (D4)), fatty acid binding protein 9 (FABP9 (D5)), Serine Peptidase Inhibitor (Kazal type II (SPINK2)/Acrosin-Trypsin inhibitor (D2) were upregulated in XY RIII qdel sperms compared to XY RIII sperms ( Fig. 5A ). A variant of SPINK2 (D3), with a 30-amino acid N-terminal truncation (Q8BMY7) was downregulated in XY RIII qdel sperms ( Fig. 5A, Fig. S7 ). Three proteins were not detectable in XY RIII qdel sperms in the pI range of 5-8 ( Fig. 5A ). Two of these were reported as hypothetical proteins in the NCBI database (1700001L19 Riken cDNA [Q9DAR0 (A)], 1700026L06 Riken cDNA [MAST, Q7TPM5 (C)]) and the third one was Stromal cell derived factor 2 like 1 (SDF2L1 (B)). Expression of four of the eight differentially expressed proteins was also confirmed by western blotting (Fig. 5B ).
Calreticulin, SOD and FABP9 showed upregulation in XY RIII qdel sperms by both 2D PAGE and western blot analyses. However, MAST was not detectable by both the techniques in sperms. Further, protein expression of calreticulin, SOD, FABP9 and MAST did not vary significantly between XY RIII and XY RIII qdel testes.
Thus, in sperms from the XY RIII qdel, four proteins FABP9, calreticulin, SPINK2 and SOD were upregulated while a novel truncated variant of SPINK2 protein was downregulated. Three proteins were absent in the XY RIII qdel sperm proteome, one of which was SDF2L1 and other two were identified as novel testis-specific proteins. Surprisingly, all the genes corresponding to the differentially expressed proteins localized to different autosomes ( Fig. 5E ).
Next, we analyzed the expression of the transcripts corresponding to the protein spots in testis. Although the proteins of 1700001L19 Riken cDNA, SDF2L1 and MAST were not detectable in sperms of XY RIII qdel, the corresponding RNAs were present in testis.
Expression of the transcripts of SDF2L1, MAST, calreticulin and Spink2 variant 2 were upregulated in XY RIII qdel mice testis. In contrast transcripts of spot A (1700001L19 Riken cDNA) and Spink2 variant 3 did not differ significantly between the two ( Fig.   5C ). We also checked the copy number of Pirmy in DNA isolated from XY RIII qdel mice by Real-time PCR; a significant reduction in copy number of Pirmy was observed in the XY RIII qdel genome ( Fig. 5D ). 
UTRs of deregulated autosomal genes show homology to Pirmy
The fact that a few autosomal genes were deregulated when there was a deletion on the Y chromosome prompted us to investigate the mechanism behind this puzzling observation. As Pirmy localizes to the region of deletion and its splice variants appear to be long noncoding RNAs (lncRNAs), we hypothesized that Pirmy could be regulating the autosomal gene expression in testis. Therefore, BLAST analysis of the Pirmy splice variants was carried out against the UTRs of the deregulated genes. This revealed short stretches of homology ranging in size from 10-16 nucleotides, in either +/+ or +/-orientations. Majority of the sequence homologies observed were in the 3' UTRs whereas Fabp9 and Spink2 variant 3 showed homology to Pirmy in their 5' UTRs. There were as many as 7 Pirmy hits in the 3' UTR of the hypothetical protein spot A ( Fig. 6 ).
Of the 10 proteins identified in the lab nine showed homology to Pirmy splice variants in their UTRs. Homology between Y-derived Pirmy transcripts and UTRs of deregulated autosomal genes provides evidence for interactions between genes on the Y chromosome and autosomes in mouse testis.
Furthermore, we performed BLAST analysis of Pirmy against the entire UTR database.
This identified small stretches of homology in the UTRs of a number of genes across different species. The homologous sequences (10-22 nt) localized to both exons and exon-exon junctions on the splice-isoforms of Pirmy (Fig. 7A ). We identified 372 unique homologous stretches in the Pirmy splice variants. Of these 302 (81.19%) localized to the exons and 70 (18.82%) to exon-exon junctions (Fig. 7B ). The genes bearing homology to Pirmy in their UTRs, localized to different autosomes and were expressed in multiple tissues including testis/epididymis (Table S1 ). Further, the fact that Pirmy splice variants had homology only to the UTRs and not to the coding exons of those genes, strongly suggests that they might have a role in regulation of these genes. 
Identification of ~30nt RNAs from the splice isoforms of Pirmy
To check if these short stretches of homologies corresponded to small RNAs, few representative oligonucleotide sequences from Pirmy with homology to different UTRs were used as probes on small RNA northern blots. The gene corresponding to hypothetical protein spot A and superoxide dismutase (SOD) were chosen from the deregulated proteins; butyrylcholinesterase (Bche), phospholipase A2, group XIIB (PLA2G12B) and sialophorin (Spn) were chosen from the BLAST output against UTR database. All the above probes elicited approximately 26-30 nt long testis-specific signals, of the size of piRNAs (Fig. 7C ).
To confirm that these homologous sequences are indeed piRNAs, different experiments were designed. As two strands of DNA are reported to express different levels of piRNA, differential expression from the antiparallel strands were studied using Sense (S) and antisense (AS) probes designed to homologous stretches in the 3'
UTRs of Sod and Bche. Identical experimental conditions showed differential expression of these 30 nt species of RNAs from the two strands of DNA (Fig. 7D ), further indicating that these short RNAs could be piRNAs. Protocols standardized in the lab were used for northern blotting. Fig. S6 shows the location of the LNA (locked nucleic acid) probes used for small RNA northern blots on the corresponding splice variants.
As piRNAs are PIWI/MIWI binding small RNAs, Electrophoretic Mobility Shift Assay 
Pirmy identifies piRNAs from NCBI Archives database
Next line of evidence to the fact these short stretches of homologies are piRNAs came from the NCBI Archives database for piRNAs. BLAST analysis using the 108 Pirmy splice isoforms identified a total of 1445 small RNAs in the Sequence Read Archives SRP001701 and SRP000623 with 95% identity. Pirmy splice variants identified 352 MIWI2 -MILI-associated reads in SRP000623. Of these 310 had homology to midrepetitive sequences (SINEs, LINEs and LTRs) and 5 had homology to X chromosome. Thus, the 37 small RNAs that have homology only to the Y-transcripts could be piRNAs derived from the Y chromosome.
Antagopirs downregulate reporter gene expression
Complementary oligonucleotides synthesized to piRNA sequences present in UTRs of Sod and PLA2G12B were designated as antagopirs (Fig. S6 ). Cloning of these UTRs 3' to the Luciferase gene reduced its expression. Increasing concentrations of antagopirs, i. e. 5 nM, 10 nM and 20 nM caused further concentration dependent reduction in Luciferase expression (Fig. 7H) . The antagopirs to Sod and PLA2G12B did not have an effect when the UTR from the Cdc2l1 gene (non-target UTR) was cloned 3' to the Luciferase gene. Fig. 7G is a schematic representation of 3'UTR reporter construct.
Thus, the use of antagopirs to piRNA sequences present in UTRs of genes showed that these piRNAs can modulate gene expression.
Thus, this study paved the way for a series of novel and exciting observations. We have identified, a novel, polyadenylated lncRNA (Pirmy) expressed from mouse Yq in testis, that shows the largest number of splice variants characterized for any transcript.
These alternatively spliced Y-derived transcripts harbor piRNAs that have homology to the UTRs of a few autosomal genes expressed in mouse testis. The proteins expressed from these autosomal genes are deregulated in sperms of Y-deleted mice and appear to be regulated by piRNAs generated from MSYq derived lncRNA. This is, to our knowledge the first report on possible regulation of autosomal genes involved in fertility and spermiogenesis, mediated by Y-encoded small RNAs/piRNAs in any species.
Consolidation of the results from the proteomics analysis and the molecular studies suggested that piRNAs generated from male-specific mouse Yq regulate expression of multiple autosomal genes in testis. Partial deletion of Yq resulted in deregulation of these proteins resulting in sperm anomalies and subfertility. Thus, subfertility in mice appears to be a polygenic phenomenon that is regulated epistatically by the Y chromosome.
DISCUSSION
Y-chromosomes harbor genes for male determination and male fertility. Yet the role of Y chromosomal repeats in male fertility and spermatogenesis remains enigmatic. In this study, we elucidate the role in male fertility of a species-specific repeat, M34, from mouse Y long arm, which is transcribed in mouse testis. Transcription from repeats on mouse Y chromosome has been reported earlier. Testis-specific transcription of a family of poly (A) RNAs from the mouse Y chromosome was first reported by Bishop and Hatat using a multicopy Y-derived probe (pY353/B) (9, 24) .
Subsequently more transcripts were identified in mouse testis, using repeat sequences localizing to mouse Y (10, 11) .
The Pirmy splice isoforms in the present study were discovered serendipitously by cloning and sequencing of the multiple RT-PCR products obtained using primers to the initial and terminal exons. As the primers were restricted to just two of the exons, it is possible that we might discover more isoforms using primers to different exons for RT-PCR amplification. Alternative splicing has been reported in ncRNAs (25) , yet, such extensive splicing as observed in our study has not been reported for any of them.
Very few polymorphically spliced genes have been described earlier from sex chromosomes, particularly the Y (26, 27) . Thus, the 108 splice isoforms observed from RT-PCR amplification of Pirmy in this study appears to be by far the maximum number of isoforms characterized from a single lncRNA by alternative splicing.
Based on the mode of generation of mRNA isoforms, large number of variants has been predicted for a few genes. For example, nearly 100 mRNA isoforms have been characterized from the human basonuclin gene. This gene has the potential to generate nearly 90,000 mRNA isoforms using 6 promoters, 4 different poly adenylation sites and multiple alternative splicing (28) . Large number of isoforms have also been deduced from a few characterized splice variants of Dscam (Downs syndrome cell adhesion molecule) in Drosophila (29) , vertebrate olfactory receptors (30) , neurexins (31) and cadherin related neuronal receptors (32) .
Elucidation of identical isoforms in mouse brain and testis in this study (Figs. 2, 4) shows that these alternative splicing events are precise and not random because the same splicing events take place in both the tissues. The consensus splice signal sequences present at the intron-exon junctions in all the isoforms further reaffirm programmed splicing events. The presence of piRNA homologous sequences at the exon-exon junctions of different splice isoforms posits alternative splicing as a mode of generation of more piRNAs from the same transcript (Data sheet).
The presence of Pirmy homology in the UTRs of genes corresponding to deregulated proteins in XY RIII qdel mice suggests the regulation of these autosomal genes by sequences present in the deleted regions of the Y. Real-time PCR analysis showed that the transcripts corresponding to the proteins missing from the XY RIII qdel sperm proteome were present in the testis of these mice. The fact that there is comparable expression of MAST, calreticulin and SPINK2 variant2 proteins in XY RIII and XY RIII qdel testes by western blot analysis, despite significantly upregulated expression of these transcripts in testis, could indicate regulation at the level of both transcription and translation (Figs. 5B, C) .
Few other autosomal proteins are also deregulated in different strains of Y-deleted mice besides the ones identified in the proteomics screen; caldendrin is upregulated in XY RIII qdel sperm (22) and acrosin is downregulated in B10.BR-Y del sperm. (33) .
Aromatase is overexpressed in both the Y-deleted strains of mice i.e. XY RIII qdel (our unpublished observation), and B10BR-Y del (34) . Therefore, it is not surprising to find Pirmy homologous sequences in the UTRs of caldendrin, acrosin and aromatase genes, suggesting Y-mediated regulation for these genes as well.
Ellis and colleagues also observed up or down regulation of genes from the Xchromosome and autosomes in testes of mice with deletions of Y heterochromatin using a microarray approach (35) . Homology between UTRs of some of the above genes and Pirmy splice isoforms (Table S2 ) further strengthens the hypothesis of putative regulation of genes located elsewhere in the genome by Y chromosomal repeats.
The concentration dependent reduction of Luciferase expression by antagopirs in these UTRs corroborates the regulation of these genes by Y-derived piRNAs (Fig. 7H ). piRNAs regulate translation in early embryos and gonads besides containing transposable elements (36, 37) . Previous studies in the lab elucidated another example of Y-ncRNA mediated regulation of an autosomal gene, CDC2L2 via transsplicing in human testis (3) . The role of mouse Y heterochromatin in the current study therefore reveals a novel pathway for the regulation of autosomal genes by Y chromosome, mediated by piRNAs, in male reproduction.
We also propose that the deregulated proteins identified in the current study are at least partially responsible for the sperm phenotype observed in XY RIII qdel mice. FABP9 upregulated in XY RIII qdel spermatozoa, localizes to perforatorium, the subacrosomal region in spermatozoa with falciform head shapes, mostly rodents (38) (39) (40) . It is the most abundant protein of the perforatorium, and putatively has a role in shaping the unique sperm head structure of rodents (39, 40) . Malformed head structure can affect cell motility and ability of spermatozoa to recognize the conspecific female gamete and other downstream activities associated with fertilization.
Calreticulin overexpressed in XY RIII qdel spermatozoa is a calcium store associated with sperm functions such as hyperactivated motility, capacitation and acrosome reaction (41) . The subsequent cascade of events could result in subfertility. Caldendrin yet another protein that is upregulated in XY RIII qdel sperm (22) , localizes to acrosome in rats and is considered to be a stimulus dependent regulator of calcium (42) . SPINK2 variant3 localizes to the acrosome in mouse spermatozoa (our unpublished observations). The physiological function of SPINK2 is believed to be blocking of deleterious degradation of proteins released by acrosin from spermatozoa during acrosome reaction (43) . Being a putative sperm acrosin inhibitor a role in fertility can be envisaged.
MAST a novel protein that is absent in the sperm proteome localizes to both the acrosome and sperm tail, indicating a role in the penetration of the egg and sperm motility (22) . Bioinformatic analysis of the transcript (Riken cDNA 1700001L19) of the hypothetical protein from spot A predicts it as a cilia related gene (44) . Based on this information putative role of this protein in sperm motility can be envisaged. Sdf2l1 is an ER stress-inducible gene, induced by the unfolded protein response pathway (45) .
The XY RIII qdel spermatozoa may be more susceptible to stress induced damages as they lack stress response protein, SDF2L1. SOD, a protein upregulated in XY RIII qdel, has been found to be positively associated with sperm concentration and overall motility (46) .
The irreversible conversion of androgens to estrogens is catalyzed by aromatase transcribed by Cyp19 gene (47) . Biology behind the skewed sex ratio towards females in the progeny sired by XY RIII qdel males could be explained by the upregulated expression of aromatase in testes of these mice. Acrosin plays a crucial role in acrosome exocytosis and egg zona pellucida penetration (48) . Spermatozoa lacking acrosin (acrosin -/-) exhibit delayed fertilization as both the processes of acrosome exocytosis and egg penetration are deferred (49, 50) .
Functions of Y chromosome have been elucidated using different deletions of the chromosome in the past. Naturally occurring deletions in the euchromatic long arm of Y chromosome in azoospermic men showed the involvement of this region in human male infertility (51) . Drosophila melanogaster males with deletions of different regions of the Y chromosome show absence of several sperm axoneme proteins (52) .
Mice with partial or total deletions of Y heterochromatin show deregulation of testicular gene expression and subfertility/sterility (15, 35) . Consolidation of the observations from mouse and human studies therefore shows that Y chromosome regulates autosomal genes expressed in testis using distinct mechanisms in different species.
Comparative sperm proteomics analysis in our study portrays involvement of multiple autosomal genes in subfertility. The regulation of autosomal gene expression appears to be relaxed in sperms of Yq-deleted mice. This reflects a connection between the Y chromosome and autosomes. In fact, as suggested by Piergentili, Y chromosome could be a major modulator of gene expression (4). Our results seem to provide explanation for some of the earlier classical observations of mice with different Y chromosomal deletions exhibiting subfertility/sterility along with sperm morphological abnormalities, fewer motile sperms, sex ratio skewed toward females etc. Similar phenotypes are also observed in cross-species male sterile hybrids of Drosophila and mouse (4, (53) (54) (55) (56) (57) (58) (59) . Y-chromosome has also been implicated in the male sterility phenotype of these interspecies hybrids (56, 58, (60) (61) (62) . Thus, the phenotypes observed in cross species male sterile hybrids and the Y-deletion mutants are comparable. Introduction of Y-chromosomes into different genetic backgrounds of Drosophila resulted in deregulated expression of hundreds of genes localizing to the X-chromosome and autosomes (63, 64) . It has also been proposed that incompatibility between the Y-chromosomes and different autosomes could result in the hybrid dysgenesis of sperm related phenotypes observed in Drosophila (61). Zouros and colleagues also suggested the presence of epistatic networks in interspecies hybrids, based on the fact that homospecific combination of alleles at a given set of loci could sustain normal development, but heterospecific combinations could not (60, 65, 66) .
This early hypothesis seems to be amply supported by our in silico and proteome analysis ( Figs. 5-7) . Further, our results elucidate the Y -derived piRNAs as the genetic basis of epistatic interactions between Y chromosome and autosomes in mouse. Our results also suggest for the first time, the mechanism of piRNA mediated regulation of autosomal genes involved in spermiogenesis and male fertility.
In brief, the XY RIII qdel mutant strain of mouse, where there is a partial deletion of long Finally, evolutionary impact of novel genetic interactions or regulatory mechanisms such as those reported in this study could be significant. The generation of piRNAs from species-specific repeats on mouse Y-chromosome that apparently regulate autosomal gene expression in testis raises more questions in the field of speciation and evolution. Do mutations in the Y chromosomal repeats collapse the poise of the species? Are species-specific repeats on the Y chromosome the fulcrum on which rests the fine balance between species identity and evolution?
METHODS
Animals and Reagents
The XY RIII strain (wild type) and the XY RIII Competitors i.e., unlabeled oligonucelotides (30 x concentration of hot oligo), MIWI antibody (90 ng) and Argonaute 3 antibody (100 ng) were added to the reaction, incubated for 1 h on ice, before addition of radio-labeled oligonucleotide (7000-10,000 cpm) and the entire mix was incubated on ice for another 30 min. EMSA was done on 5% native PAGE and image captured using FUJI phosphor Imager (FUJIFILM FLA-3000). A known piRNA, piR1, was used as the positive control, Argonaute 3 antibody served as the antibody control.
Identification of cDNA using M34 (DQ907163):
An amplified mouse testis cDNA library (Mouse testis MATCHMAKER cDNA Library -Clonetech) was screened with the male specific ES cell EST (CA533654) with sequence homology to the genomic clone DQ907163 (Fig. 1E ) as per manufacturer's protocol.
Mouse testis cDNA Library was screened according to standard protocol at a stringency of 2 x SSC, 0.1% SDS at 65 0 C for 10 min. A total of 2 x 10 5 colonies were screened to obtain 18 clones after tertiary screening. Male-specificity of the positive clones from the library was determined using Southern blots containing mouse male and female DNA. All 18 clones gave the same sequence. The sequence was submitted to the NCBI database (DQ907162).
Identification of Splice Variants:
Total RNA (1 µg) isolated from brain and testes tissues each of XY RIII strain of mouse were reverse transcribed with the (SuperscriptII, Reverse Transcriptase enzyme, Invitrogen), using oligo (dT) primers and random hexamers. The RT-mixes were concentration equalized using GAPDH primers.
DQ907162 was amplified after two rounds of PCR. For the first round, forward (GTGTGACAGGGTGGGGAATC) and reverse primers (TTCCTGAAGATAGCACTTGTG), and the following conditions were used -initial denaturation 95 0 C, 1min, cycle denaturation 95 0 C, 1 min, annealing 62 0 C, 30 sec and extension 72 0 C for 2min (35cycles), final extension 72 0 C for 7 min. The second round of amplification was done using nested primers GAGGACCGTATTCATGGAAGAG (forward) and GCAAATGGCTCACATCAGTGG (reverse) using initial denaturation at 95 0 C for 1 min, cycle denaturation at 95 0 C, 1 min, annealing at 66 0 C for 30 sec and extension at 72 0 C for 2 min (38 cycles) and final extension at 72 0 C for 7 min. Annealing temperatures up to 70 0 C yielded multiple products. The multiple products obtained after two rounds of PCR from both testis and brain (Fig. 2B) µM of each LNA-oligonucleotide probe (Exiqon), was end labeled for use as probes (hybridization buffer -5 x SSC, 5 x Denhardt's and 1% SDS). Blots were hybridized at 37 0 C and washed from 37 0 C to 65 0 C in 2 x SSC, 0.2% SDS depending on the intensity of the signal. U6 was used as the loading control.
Real-time PCR analysis
Copy number estimation of Pirmy
Genomic DNA was isolated from testes of XY RIII 
Real-time PCR analysis of differentially expressed genes
The total RNA was extracted from testes using Trizol (Ambion). One μg of RNA was reverse transcribed to cDNA using Verso cDNA synthesis kit (ThermoScientific).
qPCR was performed using SYBR green master mix (Qiagen) and analysed in Roche CGT GTT CCT A-3' for Gapdh. PCR conditions included an initial denaturation for 5 min at 95°C followed by 45 cycles of denaturation at 95°C for 10 secs, annealing at 58°C for 20 sec and elongation at 72°C for 30 sec. The amplification of specific product was confirmed by melting curve profile (cooling the sample to 65°C for 1 min and heating slowly with an increase in temperature of 5°C at each step till 95°C, with continuous measurement of fluorescence). The relative fold change in expression was estimated based on Livak method (2 -ΔΔCt ).
Luciferase assay
The 5'UTR sequences from the human clone RP11-130C19 and the Gapdh genes were amplified from mouse cDNA and cloned into the Luciferase vector. Either Luciferase gene alone or luciferase along with each UTR was cloned into pcDNA3.1 expression vector for assaying the effect of antagopirs ( Figure 7H) The protein concentration in the cell lysate was estimated by Bicinchoninic acid assay (Pierce, Rockford IL) following manufacturer's instructions in a micro titer plate. BSA was used as the standard for estimation. The proteins were separated in the first dimension on 4-7 and 5-8 IPG strips (Bio-Rad). The strips were then loaded onto 8-20% gradient PAGE for separation on the second dimension. Protein spots were visualized by Coomassie Blue staining. Spot to spot matches were done to identify differences. Analysis of five sets of gels after normalization with control spots using PDQUEST software version 6.0 (Bio-Rad) identified the differential proteins.
Measuring the optical density of these differentially expressed proteins in arbitrary units validated the quantitative differences (Fig. S7) . These values were subjected to nonparametric Kruskal-Wallis H test and the levels of confidence determined by the Chi-squared test (75-95% degrees of confidence). Trypsin digested spots were processed to obtain the protein tags by MS analysis on Hybrid Quadrupole TOF mass spectrometer (API QSTAR PULSAR i, PE SCIEX).
DATA ACCESS
All sequences from this study have been deposited in NCBI database. With the accession numbers: DQ907162.1, FJ541075-FJ541181, Q7TPM5, Q9DAR0, Q8BMY7.
